This research measured ambient levels of polycyclic aromatic hydrocarbons (PAHs) surrounding a petrochemical complex on the island of Curaçao using passive air sampling. In addition, source elucidation of PAHs was conducted using concentration profiles, distribution profiles, binary diagnostic ratios and factor analysis. Passive air samplers with polyurethane foam collection disks (PAS-PUFs) were deployed in 2011 (n = 43) and in 2014 (n = 30) to evaluate the extent of the emission plume as well as spatial and temporal differences in ambient PAH concentrations. In general, ambient PAH concentrations in Curaçao were consistent with other urban and industrialized regions of the world; however, the levels measured downwind of Isla Refineriá petrochemical complex were among some of the highest reported ambient PAHs globally. Ambient PAH concentrations ranged from 1.2 to 790 ng/m 3 in 2011 and 27 to 660 ng/m 3 in 2014, demonstrating no temporal differences.
Introduction
Refinery operations have been associated with atmospheric emissions of a wide variety of criteria air pollutants (i.e. sulfur dioxides, nitrogen oxides, carbon monoxide and particulate matter), volatile organic components (i.e. benzene, toluene, ethylbenzene, m-xylene), hazardous air pollutants (i.e. polycyclic aromatic hydrocarbons, carbon monoxide, hydrogen cyanide, mercury), and other pollutants (i.e. greenhouse gases, hydrogen sulfide). The type and quality of the crude oil, refinery process and refined products all influence the variability, composition and amount of emissions from one refinery to another.
The presence of hydrocarbons (i.e. polycyclic aromatic hydrocarbons-PAHs) in the Wider Caribbean Region (WCR) is considered by UNEP to be a significant threat or potential risk factor to environmental and human health [1] [2] .
Industrial point sources contribute 90% of the oil pollution loads entering the WCR coastal areas, mainly from approximately 100 oil refineries operating in this region [3] . One of the largest and oldest refineries in the WCR, Isla Refineriá, opened in 1918 and is located on the shores of Schottegat Bay within the densely populated capital of Willemstad, Curaçao. Although, the refinery was considered obsolete in the mid-1980s, it is still in use today with an operating capacity of ~330,000 barrels per day (http://www.refineriaisla.com) yet it has not been able or required to comply with environmental standards and permit requirements [4] .
A legacy of human health and environmental issues is the basis of a historical debate and conflict between the public and local government of Curaçao. Using a survey questionnaire, communities downwind of Isla Refineriá and the major thoroughfare circling the refinery and the bay, Schottegatweg Ring, are reported to experience higher than average frequencies of headaches, nausea, chronic lung ailments, asthma and cancer [5] . The major unresolved dispute in Curaçao is whether the petrochemical emissions are solely due to motor vehicle emissions or whether the major contribution comes from one of the largest oil refineries in the WCR, Isla Refineriá [6] . There is no question that motor vehicular emission (MVE) has become an increasingly dominant contributor to air pollution globally [7] . The adverse health effect associated with elevated exposures to MVEs near busy roadways has emerged as a public health concern [7] [8] . A lack of concrete data makes it difficult to assess the source and impact of atmospheric PAHs from both motor vehicle traffic and refinery emissions.
In many cases it is difficult to determine direct causality with one particular constituent of air pollution (PM, sulfur dioxide, carbon monoxide, VOCs, etc.) due to its complexity and multiple sources, such as traffic and industrial and refinery operations. More than 98% of air pollution in urban settings are gases or vapor-phase compounds such as carbon monoxide and non-methane hydrocarbons. Due to these complexities, the objectives of this study were to quantify levels of atmospheric polycyclic aromatic hydrocarbons (PAHs) and to apply a variety of source identification techniques to evaluate the extent of pollution and to 
Materials and Methods

Site Selection and Study Design
Curaçao is part of the Leeward Antilles in the southern Caribbean, ~66 kilometers (km) off the Venezuelan coast ( Figure 1 ). It is currently considered a con- The site selections and designs varied between 2011 and 2014. The site selections in 2011 were specifically designed to address the extent of the emissions, whereas in 2014, the site selections were designed to evaluate spatial trends to between areas located upwind and downwind of the petrochemical complex. To Curaçao Health Assessment were included in this study [5] . This 1999 assessment was conducted as a result of health complaints from communities directly exposed to refinery emissions.
Passive Air Samplers (PAS-PUF)
Polyurethane foam (PUF) collection substrates (P/N TE-1014; 1.27 cm thick × 13.97 cm diameter; density 0.029 g/cm 3 ) were purchased from Tisch Environmental (Village of Cleves, OH, USA). Prior to deployment, PUFs were individually packed ultrahigh-purity helium as the carrier gas. PAHs were determined in electron impact scan mode (EI) with helium as the carrier gas at 1 mL/min. The injector (splitless mode) and transfer line temperatures were set to 300˚C and 280˚C, respectively. The oven temperature program was as follows: 60˚C (0.5 min hold), then 8˚C/min to 325˚C (3 minute hold) for a total run time of 36.6 minutes. The source and quadrapole temperatures were set to 230˚C and 150˚C, respectively.
PUF Extractions and Analysis
All mass spectral data were compared to spectra produced by authentic standards and to previously published library spectra.
Calculated Air Concentrations
Passive air samplers adsorb chemical constituents that can be used to assess ambient concentrations in the atmosphere. The extent to which chemicals are enriched in the sampling substrate relative to air is dependent on the passive sampler medium (PSM), or the air partition coefficient (K PSM−A ). The PAS-PUF uptake of a chemical from the ambient air is best described by the effective concentration gradient between the air and the sampler following the equation:
where V s is the sampler volume, C s is the analyte concentration in sampler, C A is the air concentration of the analyte, k O is the overall mass transfer coefficient, A s is the sampler surface area, and K SA is the sampler air/partitioning coefficient [10] [11]. The K PSM−A and the sampling rates (R) are both necessary to know in order to use PAS semi-quantitatively to assess ambient atmospheric concentrations and both have been previously calculated from field calibration experiments [12] [13] . Compound specific sampling rates were selected from calibration studies performed in a similar tropical environment [14] . Ambient air concentrations (C air ; ng/m 3 ) in Curaçao were then calculated using compound specific sampling rates [14] in the Global Atmospheric Passive Sampling Network's template [12] for calculating air volumes for PAHs as follows:
where PSM A K − ′ takes into account the passive sampling medium octanol air partitioning coefficient (log K OA ) and is calculated by multiplying K PSM−A by the density of the PSM (g/m
Source Characterization
Concentration and distribution profiles, binary diagnostic ratios and factor analyses were used to characterize sources of ambient PAHs in Curaçao. Concentration and distribution profiles were used to differentiate between petrogenic and pyrogenic sources by evaluating the distribution of the parent compounds and their homologues. Binary diagnostic ratios were evaluated to differentiate between vehicular and non-traffic emissions, diesel and gasoline combustion, different crude oil processing and biomass burning. Each of the diagnostic approaches has its limitations and uncertainties, therefore it is highly recommended to interpret more than one ratio to identify and confirm a source(s).
Therefore, in this study, 10 different ratios were evaluated to elucidate potential sources, however sites with non-detects of both binary ratio compounds were excluded from the analysis. To prevent biases, ratios where one of the compounds was below the detection limit, resulting in a ratio of either 0 or 1, were considered to be less than the instrument detection limit (<IDL) and were not included in the analysis. A total of six binary ratios of PAH pairs were further evaluated herein (Table 1) . and downwind (n = 12) locations.
Quality Assurance and Quality Control (QA/QC)
A performance-based quality-assurance and quality-control program, including the parallel analysis of procedural blanks and matrix spikes was implemented to ensure data of the highest quality. Quality assurance and quality control guide- covery of OTP spiked in the 2011 samples was 104% ± 6%. The 2011 overall recovery for the low and high molecular weight surrogates were 61% ± 11% and 84% ± 9%, respectively. The 2011 overall recovery for the matrix spiked with 18 parent PAHs was 82% ± 25%. The mean recovery of OTP spiked in the 2014 samples was 103% ± 11%. The 2011 overall recovery for the low and high molecular weight surrogates were 91% ± 15% and 105% ± 20%, respectively. The 2014 overall recovery for the matrix spiked with 18 parent PAHs was 78% ± 8%.
Individual and standard mixtures of PAHs were purchased from AccuStandard (New Haven, CT, USA).
Data and Statistical Analysis
Calculated ambient PAHs are expressed as ng/m 3 . Non-detectable levels were not substituted with detection limits. Data were transformed (square root) to meet the assumptions of normality. In the event a normal distribution was justified, parametric statistics were performed using Student's t-tests and ANOVA to evaluate spatial and temporal differences (α = 0.05) using JMP Pro Version 14.2.0 (SAS Institute, Inc.). Raw data were used to complete factor analysis and PCA using Statistica Version 6 (StatSoft Inc., Tulsa, OK, USA). 
Results and Discussion
Ambient Concentrations of Polycyclic Aromatic Hydrocarbons
Global Comparisons of Ambient PAH Concentrations
In general, the ambient concentration of PAH levels in this study were consistent with other urban and industrial regions found globally, but up to three orders of magnitude higher than some remote and rural areas ( 
Source Characterization
Identifying and understanding the impact of emission sources is critical for
proper risk assessment and management [37] . Therefore, profiles from petrogenic sources display a characteristic bell-shape with increasing concentrations with increasing degree of alkylation (C0 < C1 < C2 < C3 < C4) whereas pyrogenic sources produce a decreasing concentration in the distribution within a homologue series (C0 > C1 > C2 > C3 > C4) [42] [43].
Concentration and Distribution Profiles. In this study, ambient PAH concentrations were dominated by the low molecular weight (LMW) 2 -3 ring PAH compounds, accounting for 97% and 96% of the compounds at the 2011 downwind and upwind sites, respectively ( Figure 4 and Figure 6 ). Similarly, the LMW PAHs also accounted for 96% and 84% of the ambient PAH concentrations at the downwind sites and upwind sites in 2014, respectively. In petroleum refining, the 2 -3 ring compounds account for approximately 94% of the PAHs [19] . This would indicate a strong petrogenic source and suggest the downwind locations may be highly influenced by the Isla Refineriá petrochemical complex.
The 2011 concentration distribution profiles illustrate both a petrogenic and pyrogenic signal ( Figure 6 ). The profile for the upwind and downwind stations were both dominated by the low molecular weight compounds (2 -3 rings) and Journal of Environmental Protection Figure 6) . Overall, the concentration profiles for both the 2011 and the 2014 upwind and downwind sites were all dominated by low molecular weight compounds suggesting a strong petrogenic source, while the distribution profiles also suggested a strong petrogenic signal and to a lesser extent, a pyrogenic signal.
Binary Diagnostic Ratios. Binary diagnostic ratios have been useful in identifying emission sources and their contributions to ambient air concentrations in order to distinguish between different sources, such as petrogenic (hydrocarbons associated with petroleum), pyrogenic (hydrocarbons associated with incomplete combustion) or phytogenic (hydrocarbons derived from plants) [19] [49] . However, each of the diagnostic approaches has its limitations and uncertainties. For instance, the ratios of anthracene/(anthracene + phenanthrene) [ANT/(ANT + PHE)] may be strongly influenced by photoreactions resulting in ratios close to 1, whereas photoreactions can result in higher values for the fluoranthene/(fluoranthene + pyrene) [FLA/(FLA = PYR)] ratio [37] [50] . Consequently, more than one diagnostic ratio should be used to confirm the indicated source(s).
The PAH binary diagnostic ratios for the 2011 and 2014 air samples indicated a combination of both petrogenic and pyrogenic sources depending on the ratio (Table 1) . Two (Blauw/Curasol site #2011-014, and Parasasa site #2011-015) of the 15 sites sampled in 2011 had non-detectable levels of the parental PAH diagnostic ratios and were therefore eliminated from the analysis. The low molecular weight to the high molecular weight compounds (LMW/HMW > 1 [47] ), phenanthrene to phenanthrene plus anthracene (PHN/(PHN + ANT) = ~0.98 [45] ) and the phenanthrene to anthracene (PHN/ANT > 10 [46] ) from all the 2011 sites suggested a dominant petrogenic (i.e. petroleum, refinery) source. were not detected at 14 of the 15 sites collected in 2011 and therefore, were not included in the diagnostic ratio analysis [19] [48] [49] .
The PAH diagnostic ratios for the 2014 air samples also indicated a combination of both petrogenic and pyrogenic sources depending on the ratio (Table 1) Factor Analysis and Principal Components Analysis. The factor analysis and principal components revealed three factors or potential emission sources for the 2011 air samples, explaining 89% of the variance in the dataset (Figure 7 ). Factor 1 accounted for 73% of the variance, followed by factor 2 accounting for 10% and factor 3 accounting for 6% of the variance. The indicatory PAHs identified in factor 1 accounting for 73% of the total variance in the dataset were acenaphthylene, acenaphthene, fluorene, dibenzothiophene, phenanthrene, anthracene and pyrene. A previous study investigating PAH emissions from various industrial stacks in Taiwan had identified acenaphthylene, acenaphthene and anthracene as the indicatory PAHs of a cement plant [51] . Although there is no known source of coal combustion on the island, the refinery not only produces asphalt (<1%) but its utilities are mainly fueled by asphalt, more commonly referred to as bitumen [53] . The differences between bitumen and coal can be characterized by not only there PAH concentrations but also there compositional signature. Greater proportions of alkylated phenanthrene homologues, as well as the more stable isomers, chrysene, benzo[e]pyrene or benzo[g,h,i]perylene are commonly found in petrogenic PAH sources such as crude oil, bitumen and asphalt. In contrast, pyrogenic PAHs, such as coal tar, tend to be dominated by phenanthrene, fluoranthene, pyrene and a greater proportion of the less stable isomers, benzo[a]anthracene, benzo[a]pyrene and indeno [1,2,3-cd] pyrene [48] [54] . Therefore, the refinery's asphalt fuel source may help to explain the factor loadings seen in the 2011 samples since they were dominated by indicatory PAH of petrogenic sources for crude oil, bitumen and asphalt (i.e. acenaphthylene, acenaphthene, anthracene, and pyrene). This is also supported by the 2011 BaA/(BaA + CHR) ratios observed (0.21 -0.59). Asphalt ratios have been reported to be between 0.16 -0.39 whereas coal tar has ratios between 0.51 -0.56. [47] .
In contrast, the upwind sites sampled in 2014 revealed only 2 factors explaining 77% of the variance. The two factors 1 and 2, accounted for 39% and 37%, respectively, suggesting a relatively homogeneous mixture of emission sources 
Conclusion
In general, ambient PAH concentrations in Curaçao were consistent with other urban and industrialized regions of the world; however, the levels measured downwind of the Isla Refineriá petrochemical complex were among some of the highest reported ambient PAHs globally. The mean ambient PAH levels downwind of the refinery were significantly higher than those located upwind with no temporal differences between 2011 and 2014. Source characterization through the use of concentration and distribution profiles, binary diagnostic ratios and factor analysis revealed both petrogenic (i.e. refinery) and pyrogenic (i.e. vehicular) emission sources. The sources of ambient PAHs downwind of Isla Refineriá were dominated by petrogenic emission sources and to a lesser degree pyrogenic emissions, whereas, the upwind locations appear to be equally influenced by both petrogenic and pyrogenic emissions sources. To our knowledge, this is the first study quantifying ambient levels of PAHs in Curaçao, which will be assist regulatory agencies and public health officials in elucidating emission sources and assessing potential human health risks associated with petrochemicals. Journal of Environmental Protection some of the societal issues and impacts from Isla Refineriá on local communities.
